We present an extensive review of the literature on remote sensing and land change in Amazonia as part of a call for new methods to study the recent expansion of mechanized annual cropping. Following the review is a presentation of the use of multitemporal Moderate Resolution Imaging Spectroradiometer (MODIS) 250-meter Vegetation Index (VI) data to study processes of intensification of mechanized agriculture in Vilhena, Rondônia, Brazil, an Amazonian soy-producing municipality. The case study shows that the high temporal resolution and moderate spatial resolution of the MODIS VI data hold promise for acquiring information necessary to answer important questions about mechanized agriculture and its relationship to deforestation.
INTRODUCTION
Deforestation as a result of logging, cattle ranching, and smallholder colonization has been the central focus of land-change studies in the Brazilian Amazon. Significant theoretical and methodological advances have resulted from the study of land use and land cover change (LUCC) in colonist farmer communities along major rainforest highways. Landsat-based remote sensing analysis linked to longitudinal, field-based study of colonist communities has been the empirical basis informing most integrated land-change science and modeling efforts across the Brazilian Amazon. Research on endogenous causes of colonist land-change patterns, specifically household economic status and age-sex profiles, have been used to explain the proximate causes of land cover change, particularly shifts from subsistence farming to small-scale ranching, agro-forestry, changes in fallowing practices, forest burning strategies, and regeneration of secondary forest cover (Moran et al., 1994; Moran et al., 1996; Walker and Homma, 1996; McCracken et al., 1999 McCracken et al., , 2002 Sorrensen, 2000; Walker et al., 2000 Walker et al., , 2002 Perz, 2001; Perz and Skole, 2003a, 2003b; Walker, 2003) .
New agents of environmental change arrived in the region during the 1990s: mechanized commercial farmers. These farmers, their impacts on the environment, and the driving forces behind their decision-making may have wide coverage in popular media, but the process of land change due to mechanized agricultural production has yet to attract wide attention in peer-reviewed research (Soares et al., 2004; Morton et al., 2006) . Emerging from the dynamic development of Central Brazil's modern agricultural sector (Soskin, 1988; Leclercq, 1989; Warnken, 1999; Jepson, 2006a Jepson, , 2006b , farmers have begun to expand production in areas typically known as the Amazon (Hecht, 2005) . While it may be an exaggeration to argue that soybeans are "relentless foes of the Amazon forest" (Branford and Freris, 2000; Rohter, 2003) , dry forest regions in Mato Grosso and Rondônia are undergoing regional transformation based on modern agro-pastoral production and cultivation of soybeans.
The economy and geography of mechanized agriculture in the Brazilian Amazon is distinct from that of smallholder colonist farming in a number of ways. Mechanized agriculture, predominantly in the southern region of the Amazon basin, has followed multiple development trajectories that link to particular historical and economic geographies of private colonization, technological development, and cattle ranching (Brown et al. 2005b; Jepson 2006a Jepson , 2006b ) that differ from Amazonian colonist settlement along the major trunk roads through the tropical forest opened in the 1970s and 1980s (Hecht and Cockburn, 1989) . Mechanized agriculture in the region emerged from two decades of agricultural development in the Cerrado, a neotropical savanna, of Brazil's Center-West region (Jepson 2003 (Jepson , 2005 . Commodity production is dependent on high-cost machines and low-wage workers as the necessary labor input. This is important for two reasons. First, labor demands are reduced through mechanization, and second, wage laborers are accessed through the market, not through familial obligation. Therefore, endogenous household factors, such as age-sex structure and composition, do not constrain production as they do in subsistence or peasant agriculture. Mechanized production requires considerable capital to purchase the necessary machines, farm implements, technologies, and chemical inputs, and thus farmers are forced to marshal a broad range of political, social, and economic resources from multiple non-state sources. Finally, the institutional arrangements that underpin mechanized land use are based on geographically flexible and highly variable landleasing contracts similar to other arrangements in more developed countries (Jepson, 2003) . In contrast, colonist farm production often occurs under precarious land-tenure regimes, which cause the claimants to spend more time defending their title by cultivating the land themselves than engaging in complex land-leasing contracts (Alston et al., 1999) .
We propose a research agenda and methodology to form the empirical basis of evaluating some basic questions about land changes related to commercial farming in the Amazon. Are commercial farming land uses directly replacing forest cover, and if not, what is the progression of land use strategies in agriculture that lead toward the most intensive annual cropping strategies now found in Amazonia? Answering such questions demands that researchers find ways to go beyond the binary classification of land cover as forest/agriculture to a remote sensing strategy that allows classification of various levels of intensity of agricultural land use. In effect, this means tracking forest conversion and changes in land cover once areas are deforested, because it may take anywhere from one to 25 years for commercial agriculture to be established in areas that are deforested (Brown et al., 2005b; Jepson, 2005) .
For some years, researchers have proposed similar agendas at conferences (Brown et al., 2005a , DeFries, 2005 , but published, peer-reviewed studies are still lacking. One important exception is Morton et al. (2006) , who showed the usefulness of Moderate Resolution Imaging Spectroradiometer (MODIS) 250 m data to track general changes in land cover for Mato Grosso, but no published study to our knowledge has applied MODIS to the study of changes in agricultural land use intensity on lands already deforested. Our study focuses on the task of tracking processes of agricultural intensification, commonly defined as "higher levels of inputs and increased outputs of cultivated or reared products per unit areas and time" (Lambin et al., 2003, p. 214) . Land use intensification has been central to Amazonian forest conservation concerns as a means to redress extensive cattle ranching and short-fallow production practices of early colonist farmers, which resulted in land abandonment and advancement of the frontier. Agro-forestry systems have been implemented as intensification/forest conservation strategies: agroforestry is supposed to increase on-farm incomes on land already deforested, thus relieving conversion pressure on surrounding forests (Anderson, 1990; Anderson and Ioris, 1992; Browder, 1992 Browder, , 1996 Brondízio and Siqueira, 1997; Browder and Pedlowski, 2000) .
The question of land intensification under mechanized agriculture has generated new interest. Two contrasting perspectives define current understanding of land intensification through mechanized farming in Amazonia. One view is referred to as the "Borlaug hypothesis." Norman Borlaug, credited as the "inventor" of the Green Revolution, has long argued that agricultural intensification saves natural vegetation from conversion to agriculture. Widely found in the literature is the theory that increasing land use intensification (and increasing crop yields) curbs deforestation and increases secondary forest regeneration because it reduces the demand for farmland (Rudel and Horowitz, 1993; Southgate, 1998; Rudel, 1999; EMBRAPA, 2002; WWF et al., 2003) . A contrasting view, firmly opposed to any mechanized, capitalintensive cultivation in Amazonia, is that the new land use is ultimately unsustainable because higher income from higher yields simply encourages expansion into new lands for profit, and land consolidation under mechanized annual cultivation may expel small farmers and produce a rural exodus further into the forest frontier (Carvalho, 1999; Branford and Freris, 2000; Fearnside, 2001; Kaimowitz and Smith, 2001; Rohter, 2003) .
This debate fails to move forward because few studies to date have collected and analyzed systematic empirical data linking spatially explicit land cover change to land intensification under mechanized agriculture at a regional scale. In the absence of a comprehensive and empirically informed, spatially explicit land change study, opposing sides rely exclusively on untested hypotheses of intensification and forest change to forward their political agendas. Such deeply ideological positions argue for a normative position on whether mechanized farming should or should not be an "appropriate" land use in the Amazon, ignoring evidence of material processes of change.
This paper contributes to land change science in three ways. First, the project offers a method to map and analyze land intensification levels of mechanized farming, thus providing an important component to any project that seeks to determine empirically the impact of land use intensification on forest conversion. Second, the paper contributes to the important but largely neglected study of land modification, a critical process in land change studies (Lambin et al., 2003, pp. 213-216; Geist, 2005, pp. 426-427) . Land change studies that focus on human drivers of change would benefit from greater consideration of land modification, which could yield important information on the quality and status of land covers. Finally, the paper argues that methods to develop spatially explicit land intensification could be scaled up to the regional or continental scale and thus aid in understanding land surface processes in studies of regional and global climate change and biogeochemical cycling.
The importance of land modification (e.g., agricultural intensification) in the study of mechanized tropical agriculture therefore demands that the land change studies in the Amazon shift from a near exclusive reliance on Landsat datasets (high spatial resolution) to include MODIS (moderate spatial resolution, high temporal resolution) datasets. Unlike Landsat, MODIS allows for the detection of subtle changes in land cover using continuous surface attributes at seasonal and inter-annual scales at a moderate spatial resolution. Moreover, as will be shown below, the 250 m resolution of MODIS pixels is sufficient to link farmers' decisions to land modification at a field-scale because individual fields of mechanized farmers are most often larger than 250 m × 250 m.
We begin our discussion with a comprehensive review of the current state of land change research in the Brazilian Amazon. We review the extensive and well-developed approaches taken to study logging, colonization, and cattle ranching and argue that such research is highly dependent on high-spatial-resolution datasets, limiting a comprehensive analysis of high-input commercial agriculture, a new driver of land change in the region. The second section proposes that current high-temporal, moderate-spatial-resolution remote sensing, originally applied to analysis of crop-related land use change in the U.S. Great Plains using MODIS, can yield crucial information on the process of land modification within these tropical agricultural landscapes. We focus on the application of this method in southern Rondônia, Brazil, a region in which highly capitalized farming systems are replacing old pasture lands and some forests with large tracts of soybean, maize, and rice. The areas of conversion there are relatively small, especially in comparison to areas of conversion in the neighboring state of Mato Grosso, but it is this reduced area of interest that allows us to generate in situ datasets (field based) and ground data (farmer based) that inform and validate the synoptic analysis of land change using MODIS. We conclude with a discussion of how this shift in sensor, from high-spatial resolution to high-temporal resolution, offers a new research avenue more appropriate for examining a distinctly new driver of land change in the Amazon region.
LAND CHANGE RESEARCH IN THE BRAZILIAN AMAZON
Remote sensing studies of land use and land cover change address wide-ranging technological, analytical, and scientific themes generated from research conducted by individual scientists and international research programs. Three major research lines represent the general structure of past investigations using Earth observing satellites as primary data sources: (1) global and regional land-change mapping and monitoring; (2) integrated social science and remote sensing; and (3) spatial modeling of land change. Scientific literature and findings on the Brazilian Amazon contribute significantly to each line of research.
Land Change Mapping and Monitoring
The systematic and continuous collection and organization of land observations using multiple Earth-observing satellites provides scientists with an internally consistent synoptic time series to identify and track land changes at multiple temporal and spatial scales (Geist, 2005, pp. 427-433) . The increasing scale, pace, and intensity of anthropogenic environmental transformations has required the scientific community to improve monitoring efforts, such as land characterization, land cover, mapping and land use change, at global and regional scales. While high-spatial resolution satellite systems (~20-60 m) such as Landsat (Multispectral Scanner [MSS] , Thematic Mapper [TM] , and Enhanced Thematic Mapper [ETM+] ) and Satellite Probatoire d'Observation de la Terre (SPOT) are available, they have not been useful for largearea land monitoring due to incomplete spatial coverage, infrequent temporal coverage due to cloud cover, data cost, limited computational infrastructure, and impractical data volumes (Cihlar, 2000; DeFries and Belward, 2000, p. 1084) . The U.S. National Oceanic and Atmospheric Administration's (NOAA) Advanced Very High Resolution Radiometer (AVHRR) meteorological satellite (4 km and 8 km Global Area Coverage [GAC]) data and 1 km Local Area Coverage [LAC] data) has been more useful for large-area land monitoring due to its global, daily repeat coverage. Many scientists have produced global land cover maps using the coarser spatial resolution AVHRR data (DeFries and Townshend, 1994; DeFries et al., 1995; Mayaux et al., 1998; DeFries and Belward, 2000; Hansen et al., 2002) to advance the study of global climate change and carbon stocks (DeFries and Belward, 2000; Lepers et al., 2005) . However, the increasing availability and decreasing cost of finer spatial resolution global datasets (e.g., MODIS) in addition to new sensors (e.g., Earth Observing-1 [EO-1] Advanced Land Imager [ALI]) have provided new land-change and characterization information to support large-area land monitoring programs (Cihlar, 2000) and new global land cover maps (Friedl et al., 2002) . Morton et al. (2006) have recently demonstrated the utility of MODIS 250 m data for characterizing the general land use types (e.g., cropland, pasture, or not in agricultural production) on recently deforested lands in the state of Mato Grosso in the Brazilian Amazon.
Concern over rapid deforestation in the late 20th and early 21st centuries has led to increased investment in research programs that use current satellite datasets to monitor pan-tropical regions (Mayaux et al., 1998; Achard et al., 2002; Lambin et al., 2003; Mayaux et al., 2005) . Land-change monitoring of Africa (Tucker et al., 1985; Mayaux, 1999 Mayaux, , 2000 and Southeast Asia (Achard and Estreguil, 1995; Stibig et al., 2001) , however, have been comparatively overshadowed by the comprehensive efforts to monitor South American forests (Eva et al., 2004) , with primary attention and resources applied to the Brazilian Amazon (Malingreau and Tucker, 1990; Skole and Tucker, 1993; Lucas et al., 2000; Morton et al., 2006) .
The most significant international effort to monitor the Brazilian Amazon undoubtedly has been the Large-Scale Biosphere-Atmosphere Experiment in Amazonia (LBA). Perhaps the largest regionally focused global change project, the multinational, interdisciplinary research program led by Brazilian scientists and government, seeks to explain how Amazonia functions as a regional entity, how tropical forest conversion, regrowth, and selective logging influence biogeochemical interactions with the climate system, and how current regional land cover changes interact with the Earth system (Davidson and Artaxo, 2004; Geist, 2005) . LBA is a transect-based research program designed to cover major climatic variability and extent of land use changes representative of the region. In addition, site-specific investigations are developed to target particular land use changes (Keller et al., 2004, pp. S5-S7) . While an exhaustive review of LBA research is beyond the scope of this section (Large-Scale Biosphere Atmosphere Project, 2006), it is important to point out some of the program's major findings that have appeared in special journal issues in the diverse areas of earth-system science (see Jasinski et al., 2005) , atmospheric science and climatology (Avissar et al., 2002; Gash et al., 2004) , biology and ecology (Davidson and Artaxo, 2004; Keller et al., 2004) , and remote sensing (Roberts et al., 2003) .
Across the board, Earth-observing satellites have a central role on data gathering and land monitoring in the LBA science plan. Clearly the capacity of satellites to provide synoptic time-series data at multiple temporal and spatial scales has contributed to analyses of regional biogeochemical processes. Diverse sensors and methods have been employed to study land cover mapping and land use change (Roberts et al., 2003) . Indeed, land classification is "the most fundamental application of remote sensing" (Roberts et al., 2003, p. 379) . LBA research has advanced land cover mapping of wetland and floodplain (Hess et al., 2003) and secondary vegetation (Lucas et al., 2000; Lu et al., 2003) using an array of satellite assets, including IKONOS and Landsat, and algorithms for classification. Land cover mapping research also has significantly contributed to the remote sensing of forest degradation due to selective logging and fire (Nepstad et al., 1999) and land classification vegetation phenologies of the tropical savanna (cerrado) (Ferreira et al., 2003; . These studies have supported overarching goals of determining forest dynamics and biomass estimates to allow for integration of these data into land-surface climate models. In comparison, LBA-related large-scale monitoring of land use change has focused primarily on pasture degradation (Asner et al., 2004b) to improve carbon and nutrient cycling estimates (Houghton et al., 2000) .
Only a few region-wide studies have mapped forest conversion to agriculture and pasture as a means to improve overall carbon budget estimates (Cardille and Foley, 2003; Sakai et al., 2004; Jasinski et al., 2005; Morton et al., 2006) .
Integrated Land Change Research
Remote sensing studies that address the human dimensions of change in Amazonia draw from diverse social science traditions (anthropology, economics, political science, sociology, and geography) to discern patterns and process of land change (Liverman et al., 1998; Rindfuss et al., 2004) . Studies on Amazon small colonist farming, cattle ranching (Malingreau and Tucker, 1990) , logging (Stone and Lefebvre, 1998; Asner et al., 2002 Asner et al., , 2004a , gold mining Shimabukuro, 2000, 2002) , extractive reserves (Peralta and Mather, 2000) , and biomass burning (Sorrensen, 2000) have made important contributions to integrated social science-remote sensing analyses for the Brazilian Amazon.
A common thread of integrated land change research on the Amazon is the near exclusive reliance on high spatial resolution datasets (e.g., Landsat and SPOT). The attempt to "pixelize the social," to link human actions and consequences to satellite imagery through models (Geoghegan et al., 1998) , requires robust ground-based studies of land manager decision making to build the basic assumptions and rules of land use to be studied. In the case of Amazon land use/land cover change (LUCC) studies, the pixel has been explicitly linked to the dominant subjects of study, namely, colonist farmers and their production system. Representing small colonist farmers as major agents of change in the region is clearly justified by the large areas they impact. Studies of small farmers, their decision-making and impacts are facilitated by the fact that the individual land manager is "fixed" to a property or geographically defined area over a relatively long period of time. This basic geographic reality has allowed researchers to link specific social and ecological characteristics with longitudinal land change, thus allowing the identification of proximate causes and patterns of land change. High-spatial-resolution data also allow for a more robust assessment of biophysical factors on land change decisions, such as soil fertility on forest succession in anthropogenic landscapes . The move toward finer resolution data, such as geocoded digital videography, further confirms the commitment to increasingly higher spatial resolution data (Hess et al., 2002) .
Modeling Land Change
Integrated remote sensing/social science has allowed researchers to construct models predicting spatial outcomes. Remote sensing data are a major source of input data to the land change models, influencing the cell sizes of the models and their outputs in simulation maps. Remote sensing data also are used to validate model results. Despite methodological difficulties that arise in an integrated social scienceGIScience research agenda (Rindfuss et al., 2004) , this approach to "pixelizing the social" (Geoghegan et al., 1998) or spatial modeling is an emerging area of research for the study of Amazonian land change (Parker et al., 2003) .
Cellular automata (CA), Markov, and econometric models, where there are no explicit actors, are typical models developed within the tropical land-change research community. Studies on the Brazilian Amazon have primarily involved CA and alternative scenario modeling related to land change and road/infrastructure construction (Soares et al., 2004; Arima et al., 2005) , transition scenarios and probabilities (Dale et al., 1994; Soares et al., 2001; Soares et al., 2002) , parcel-level land cover change (Evans et al., 2001) , and behavior in Amazonian colonization landscapes (Walker et al., 2004) .
Agent-based and process-based models are used to project both quantity and pattern of change in the Amazon region; however, there is a constant in that their spatial scales are restricted to landscape-level analysis and are exclusively within the context of logging, road building, and small colonist farming. Research in agent-based modeling (ABM), which focuses on the rules of land use decision making, dominates modeling research and simulation studies in which scientists have developed numerous tools to explore the spatial complexity of coupled human-environment systems, specifically land use outcomes. For example, Deadman et al. (2004) used an ABM, LUCITA (Land Use Change in the Amazon) to look at colonist behavior in the Amazon near Altamira, taking into account burn quality, subsistence requirements, household composition, and soil quality. The rules reflect a particular framework of analysis and set of assumptions ranging from utility optimization (neoclassical economics) to life-cycle (demography) to risk minimization (microeconomics).
Evaluation of MODIS 250 m Data for Agricultural Land Cover Characterization
We propose a research agenda in remote sensing that employs a high temporal resolution approach in order to accomplish our goal to measure inter-annual land change dynamics and its human dimensions. This should allow us to distinguish crops, pasture, savanna types, and forest types, in addition to measuring change from one of these classes to another (particularly between pasture and crops) to determine land intensification changes. In our current study, we are interested in measuring the intensity of agricultural land use, gauged by detecting crop types and measuring how many crops per year are planted on a given piece of land. In this section, we will briefly review the current status of high-temporal-resolution research using MODIS 250 m VI data. In particular we will review the application of MODIS to annual crop production (e.g., maize, soybeans, wheat) studies from the U.S. Great Plains, an approach that supports the study of intensification of mechanized production in the Brazilian Amazon.
MODIS 250 m VI data offer new opportunities for monitoring and characterizing the land modifications and intensification of mechanized agricultural in the Brazilian Amazon given their unique combination of resolutions and global coverage. The use of time-series VI information to estimate several biophysical parameters (e.g., biomass and leaf area), classify land cover types (DeFries and Townshend, 1994; DeFries et al., 1998; Hansen et al., 2000; Loveland et al., 2000) , study vegetation dynamics (e.g., phenology) (Reed et al., 1994) , and monitor vegetation conditions (Reed et al., 1996; Jakubauskas et al., 2002) has been demonstrated with multitemporal (e.g., 10-or 14-day composite) AVHRR data. Most AVHRR-based applications, however, have been limited to characterizing broad-scale land cover patterns and general land cover types due to the data's coarse spatial resolution. MODIS has a comparable temporal resolution (16-day composite) to AVHRR, but a substantially higher spatial resolution that should allow for more detailed land cover mapping and monitoring.
The 250 m bands were specifically added to MODIS to detect human-induced land cover changes that occur at or near this spatial scale (Townsend and Justice, 1988) . The value of the 250 m scale for detailed land cover characterization has been demonstrated by several initial studies, which found promising results for land cover change detection (Zhan et al., 2002; Morton et al., 2006) , percent forest cover and percent crop (Lobell and Asner, 2004 ) mapping, general land-cover mapping (Wessels et al., 2004) , crop mapping (Wardlow, 2005; Wardlow and Egbert, 2005) and phenology characterization (Wardlow et al., 2006 (Wardlow et al., , 2007 .
Two MODIS 250 m VI data sets are available, which include the Normalized Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI). The NDVI is a normalized difference of the red and near-infrared spectral bands,
where ρ Red and ρ NIR are the bidirectional surface reflectances recorded for the respective MODIS bands. The NDVI is based on the inverse relationship between the absorption of red energy by chlorophyll and the reflectance of near infrared energy by the internal leaf structure (i.e., spongy mesophyll) of the vegetation. The NDVI has been the most widely used of the VIs over the past 25 years and is produced from MODIS primarily to serve as continuity index to existing 20+ year AVHRR NDVI time series (Justice et al., 1998) . The EVI takes the form EVI = G * (ρ NIR -ρ Red ) / (ρ NIR + C 1 * ρ Red -C 2 * ρ Blue + L), where ρ Blue , ρ NIR , and ρ Red are partially atmospherically corrected (ozone absorption) surface reflectances, L is the canopy background adjustment (L = 1), C 1 and C 2 are aerosol resistance term coefficients that use the blue band to correct the red band (C 1 = 6 and C 2 = 7.5), and G is a gain factor (G = 2.5) (Huete et al., 1994; Huete et al., 1997) . The EVI is designed to minimize the effects of the atmosphere (e.g., aerosols) and canopy background (e.g., soil and plant litter) (Huete et al., 1997 (Huete et al., , 2002 ) that can lead to non-vegetation-related variations in the time-series data. It is also intended to have improved sensitivity over high biomass areas, such as the tropical rainforest, and not saturate like the NDVI in such areas (Huete et al., 1994) .
Initial assessments of time-series MODIS EVI and NDVI data found that the multitemporal trajectories of both VIs well represented the seasonal response of general biome types (e.g., grasslands, shrublands, and forest) (Huete et al., 2002) and specific crop types (e.g., maize, soybeans, and wheat) (Wardlow, 2005; Wardlow et al., 2007) and were capable of separating the different cover types. The EVI maintained a lower value than the NDVI throughout the growing season for all cover types (Huete et al., 2002; Wardlow, 2005; Wardlow et al., 2007) , which reflects the EVI's design to avoid saturation over high biomass areas that can occur with the NDVI. Huete et al. (2002) found the EVI to be more sensitive than NDVI in certain applications, exhibiting a strong contrast between cover types with different canopy struc-tures (e.g., broadleaf versus needleleaf forest). Wardlow et al. (2007) and Wardlow (2005) , however, found the two VIs to be highly correlated (r > 0.90) across the growing season for all crop types and only had minimal differences in their responses, which were primarily limited to each crop's senescence phase and outside the growing season. Huete et al. (2002) also found the NDVI to become asymptotic at ~0.9 over primary tropical forest in the Brazilian Amazon due to the saturated red band signal, while the EVI maintained sensitivity. Wardlow et al. (2007) and Wardlow (2005) found the NDVI to approach an asymptotic level for some crops in Kansas, but did not observe saturation over the 2,000+ field sites evaluated. These results indicate that the EVI and NDVI capture similar seasonal events, but their relationship can change over different cover types and locations. Both VIs appear to be effective for monitoring most spatial and temporal changes in land cover conditions, but their applicability for a specific application should be further explored on a case-by-case basis.
Wardlow (2005) conducted a detailed analysis of time-series MODIS 250 m EVI and NDVI data for regional-scale, crop-related land use/land cover mapping in the U.S. Central Great Plains. An initial pilot study in southwest Kansas found that accurate and detailed crop-related land use/land cover (LULC) patterns could be mapped using either MODIS 250 m VI dataset. A hierarchical-structured series of four crop maps were produced, in which crops were classified as: (1) crop/non-crop; (2) general crop types (alfalfa, summer crops, winter wheat, and fallow); (3) summer crop types (corn, sorghum, and soybeans); and (4) irrigated/non-irrigated crops. Overall and class-specific accuracies generally ranged between 85% and 95% for these maps. Both VIs were found to produce comparable crop maps in terms of both their classification accuracy (1-2% difference in overall and class-specific accuracies) and the spatial cropping patterns that were mapped (>90% pixel-level thematic agreement). Based on these findings, this hierarchical crop mapping protocol was further tested across the state of Kansas using only the MODIS NDVI (Wardlow, 2005; Wardlow and Egbert, 2005) , and similar classification results were produced over this larger, more diverse area. The four crop maps at the state level had overall and class-specific accuracies that ranged between 85% and 95%. The classified areas for each crop class had a high level of areal agreement (<5% difference) with the United States Department of Agriculture's (USDA's) crop acreage statistics, and their classified patterns reflected the state's general cropping pattern. In general, the protocol's performance was relatively consistent across the state's range of climatic conditions (i.e., semi-arid to sub-humid), and the cropping patterns of many fields larger than 40 hectares were retained at 250 m resolution in the maps.
Recent research by Morton et al. (2006) demonstrated the capability to detect deforestation and classify general agricultural land use activities (e.g., crop production and cattle pasture) using information extracted from multitemporal MODIS 250 m VI data. They noted, however, that the discrimination of single cropped and fallow lands from pasture was problematic due to their similar phenological behaviors. To address this issue, a multi-year land use trajectory approach had to be adopted to improve the classification accuracies of these land use classes.
The remainder of this paper will illustrate an application of multitemporal MODIS 250 m VI data analysis to the study of mechanized agricultural in the Brazilian Amazon, specifically to measure levels of agricultural land use intensity. We contend that the application of current methods of MODIS analysis from the U.S. Great Plains (Wardlow, 2005; Wardlow and Egbert, 2005 ) comprises a potentially useful approach to assess landscape change dynamics of tropical mechanized agriculture.
MODIS-BASED LAND CHANGE RESEARCH IN SOUTHERN RONDÔNIA
Our goal in this section is to show how MODIS data can be used to study changes in agricultural land use intensity in the Amazon. In Rondônia (Fig. 1) , new agricultural development processes are unfolding as highly capitalized farms are replacing old pasture, croplands, and some forest ecosystems with large tracts of mechanized production in soybeans, maize, and rice. The establishment of a grain shipping port in Porto Velho on the Rio Madeira, construction of new regional storage and purchasing facilities, and development of new tropical soybean varieties has further supported agricultural expansion in southern Rondônia. Since the early 1990s, soybean production in Rondônia has grown considerably. First introduced to the state experimentally in the early 1980s, the area planted grew dramatically from 4,640 to almost 30,000 ha between (IBGE, 2003 . Previous Landsat analyses have demonstrated that primary forests are less likely, but certainly not immune, to deforestation for purposes of mechanized agriculture (Brown et al., 2005b) . Fig. 1 . Location of the main soybean producing municipalities in southeastern Rondônia, Brazil. Vilhena, the site of our data collection, borders Mato Grosso along the BR-364 highway.
MODIS 250 m VI Data Description and Processing
A time series of MODIS 250 m EVI and NDVI data spanning from the September 14, 2000 composite period to the August 29, 2005 composite period (spanning 115 total 16-day periods) was acquired for MODIS tile h12v10 (Collection 4) from the Land Processes Distributed Active Archive Center (http://lpdaac.usgs.gov/ main.asp). Data from both EVI and NDVI were assembled for the study to carry out preliminary comparisons, but EVI was used for the bulk of our analyses. For each composite period, the VI image data were converted from the Hierarchical Data Format-Earth Observing System (HDF-EOS) to an ERDAS Imagine image format. The composited images were then stacked sequentially to produce the respective EVI and NDVI time series.
These processing steps were repeated for a time series of MODIS EVI and NDVI data from both the Terra (MOD13Q1) and Aqua (MYD13Q1) platforms. For each VI, the data from the Terra and Aqua platforms were merged by composite period in order to produce the most cloud-free time series possible. The rationale was that cloud-covered areas during the morning overpass of Terra might be cloud free during the afternoon overpass of Aqua on some date within the 16-day composite window. A maximum value compositing (MVC) technique was employed on a pixel-by-pixel, composite period basis to produce the merged Terra-Aqua EVI and NDVI time-series data sets. For each pixel in a given composite period, the maximum VI value between the Terra and Aqua observations was retained in the merged VI time series that were analyzed in this study. The MVC was used because cloud cover reduces VI values and the selection of the maximum value favors the retention of cloud-free observations in the time series. The cloud cover that remained in the EVI and NDVI datasets was minimal for most composite periods over the study area analyzed in this research. As a result, no further processing was performed to reduce cloud cover effects in the two VI time series.
The stacked time series of EVI and NDVI images were then reprojected from the sinusoidal projection to the geographic projection (WGS84). The native 231 m spatial resolution of the MODIS VI data was retained during resampling in order to maximize the spatial acuity of the imagery. These data, however, are still referred to as MODIS 250 m data throughout the paper to be consistent with the literature, which uses "250 meters" as the common spatial reference for the higher resolution MODIS data products. Lastly, the Vilhena region was subset for analysis from the time series of EVI and NDVI images.
Farmer Interviews and Field Site Analysis
In situ data were collected in the municipality of Vilhena, Rondônia, Brazil in July and August 2005 to aid in interpretation of MODIS data. The timing and type of cropping practices of farmers engaged in mechanized annual cropping were recorded for individual field sites since 2003. The field-level information was integrated into a GIS as specific polygons with attribute data that were used to aid in the classification and accuracy assessment of the MODIS time-series data.
Interviews proceeded after obtaining oral consent to participate in the research project, following the protocol outlined by Institutional Review Board Guidelines for the respective universities. Thirteen farmers or farm managers were interviewed, whose area under cultivation in 2005 represented 17,300 ha, or 54%, of mechanized agriculture in the Vilhena region for 2004. In addition to a basic socio-economic survey, each interviewee was asked to identify on a Landsat TM image their fields where mechanized annual cropping had taken place. To obtain field data, fieldworkers presented the farmer with a Landsat TM image (229/69, 8/16/2002 ) of the study area at a scale of 1:350,000. Each field, or talhão, indicated by the farmer was a polygon in which cropping practices and management were homogenous throughout the area during a given agricultural year (September through August). These fields were outlined on the paper image with a marker. Fields for the 2004-2005 agricultural year were marked first, followed by fields for 2003-2004 and earlier as time, farmer memory, or record keeping allowed. If farmers expressed doubt about their ability to recognize a field boundary or report accurate planting and cropping practice information, that information was discarded. Each field received a unique identifier, and for each field the following data were collected: date(s) of planting; type(s) of crop (e.g., soy, corn, millet, rice); brand name and variety of crop; yields; and type of fallow (e.g., allowing weeds to grow or planting a cover crop). Each field outline was then digitized on-screen over a Landsat TM image using ERDAS Imagine image processing software (Leica Geosystems). After converting the digitized field boundaries to shape files, the resulting polygons were used to extract field site-specific VI data from the 16-day, 250 m MODIS time series EVI and NDVI composite imagery.
Quantifying Land Modification
We analyzed the data collected and described above to reveal the recent interannual dynamics of intensification in agricultural land use for the Vilhena region. Based on our interviews with farmers, we were able to assign any pixel from our in situ field data to an agricultural land use intensity class. For this exercise, each pixel was assigned to one of two intensity classes to test, in the simplest way, whether it was possible to classify agricultural intensity, and via change detection, quantify over time and space any process of intensification or de-intensification. For our purposes, we refer to intensification as the transition of an agricultural field from management that is "not soybean-corn double crop" (or "other") to "soybean-corn double crop." De-intensification would be from "soybean-corn double crop" to "not soybean-corn double crop." Based on our field work and discussions with representatives of Brazil's Federal Agriculture Research Agency (EMBRAPA), we confirmed that the most intense use of land in Vilhena is the double-cropping of soybeans followed by a planting of corn (safrinha) the same agricultural year. All other forms of cropping in Vilhena (e.g., single soybean crop, single rice crop, single soybean crop followed by a cover crop [most often millet]) represent a level of investment that is much lower than the soybean-corn double crop practice.
Through consideration of crop cycles typical of the area, in conjunction with visual examination of MODIS EVI time series from the sampled field sites, it was determined that the "natural" crop year break for the Vilhena region occurs between MODIS periods 16 (August 29-September 13) and 17 (September 14-September 29). Periods 16 and 17 fall in the middle of the dry season, when fields are idle. Since MODIS composite EVI data are not available prior to February 2000, five "crop" years of MODIS data (September 2000 to September 2005) were available for the analysis. The first crop year will be identified as "00-01," the second as "01-02," etc. Field site data to be analyzed were collected that correspond to the final three of these five years (i.e., 02-03, 03-04, and 04-05).
As our focus is solely on cropland, VI values from the dry season when fields are idle are of marginal use for the research. Thus, we excluded from our analysis the MODIS data from dry-season periods. According to our data from farmer interviews, soy was planted most often from mid-October to mid-November. Moreover, by the end of July, farmers have typically finished harvesting any corn. Figure 2 shows the growing-season time periods used for the analysis; the first three and last three MODIS periods consisting of data collected from July 28-October 31 were excluded.
Cropland Mask and Sampled Field Site Data Description. A cropland mask shapefile was manually extracted from a Landsat scene using ESRI Arc software (see Fig. 3 ). Attention was focused on the cropland in the immediate vicinity of Vilhena, in roughly a 0.4° × 0.45° box. The manual extraction was done referencing two Landsat scenes, one from August 13, 2001, and another from July 6, 1996, to assure that designated croplands existed prior to the initial crop year considered (i.e., 00-01). Most sampled field sites were within the area designated as cropland. Specifically, there is a 72% overlap of the sampled field site pixels (1205 of 1681 unique MODIS pixels) with the cropland mask (which consists of 5718 pixels).
There is spatial redundancy in the sampled field sites, as 22 successive-year pairs from the 82 field-site samples exhibit substantial spatial overlap. In terms of pixels, 3106 pixels are used across the three years of field site data: 395 in 02-03, 1133 in 03-04, and 1578 in 04-05. This progression demonstrates a recent-year bias of the sampling method, which was not intentional but instead a byproduct of farmers remembering and having the quickest access to data from the most recent years. Of the 1681 unique pixels, 559 correspond to exactly one sample year, 819 for exactly two years, Fig. 2 . Mean pixel-level EVI for 82 field sites, split into two classes and 303 are used in all three years. This spatial redundancy will impart an upward bias to the field site classification accuracy results, but inter-annual EVI variation due to variations in climate and field management is expected to dominate the spatial redundancy effect, so this bias is expected to be small. Classification Methods and Accuracy Assessment. Three elementary classifications are simultaneously used for this portion of the study. First, a simple "best fit" classifier is considered. For this classification, the sum of squared errors (SSE) is calculated between the time series of interest and the two field-data derived, classspecific mean EVI time series (like those shown in Fig. 2 ). The time series is then assigned a class according to which template curve provides the better fit as measured by SSE. For simplicity, refer to this classification procedure as "SSE." The second classifier is similar to the first, except that the correlation statistic is used for class assignment rather than SSE. The time series in question is correlated to the template curves for each class, and class is assigned according to the template curve offering the highest correlation. This classification procedure is referred to as "CORR." The third classifier involves an elementary Fourier analysis. First-and second-order harmonic components are calculated for the time series in question. If the second harmonic amplitude is greater than or equal to the first harmonic amplitude, then the time Fig. 3 . The manually delineated cropland mask is shown in the cross-hatched area, overlaid on the Landsat scene from which it was generated.
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series is placed in the "soybean-corn double crop" class. We refer to this classification procedure as "HARM."
The above three classification methods are extraordinarily simple compared to other classification techniques commonly used in remote sensing, such as decision trees, unmixing models, and ISODATA. The paucity of available field site data precludes the use of more complex classification methods for the present study. All three classification methods used in this research are supervised. For SSE and CORR, a time series in question is compared to user-defined, class-specific template time series. Unlike SSE and CORR, the HARM classifier has no underlying dependence on an external parametric "model." Rather, HARM involves a simple statistical test reasoned to be appropriate for the classification problem at hand.
Although the three classification methods are elementary, they are somewhat distinct with respect to the kind of time-series information that is used for classification. SSE provides a simple time-series proximity test. CORR provides a time-series shape-or phase-matching test, and does not computationally depend on proximity. HARM capitalizes on the difference in modality between the two classes considered, as the "soybean-corn double crop" class exhibits strong bimodality that is not found in the "other" class (see Fig. 2 ). The final classified maps were based on the majority vote from the three classification procedures, which is referred to as the "VOTE" method.
Classification accuracies from all four methods (SSE, CORR, HARM, and VOTE) are expected to be approximately 80%, based on an accuracy assessment using the available field site data. For this assessment, in-sample accuracies were computed, and a block cross validation (CV) analysis was performed to assess the robustness of the observed in-sample accuracies. The purpose of the CV exercise is to investigate the level of overfitting of the derived template curves in the in-sample evaluation, which will produce optimistic in-sample accuracies (this is referred to as "selection bias," which occurs when the same data are used for both model determination and performance evaluation). For the HARM method, which is entirely objective and whose performance should be free of selection bias, the main benefit of the cross validation exercise is to examine variability of the method across years.
Block cross validation involves regimented splitting of a data set into two subsets, one to be used for model training and the other to be used for model performance evaluation. The field data at hand provide a somewhat natural splitting regimen, as partitioning can be performed using crop year groupings. First, an approach is taken by which one of the three sampled field data crop years is used for training (i.e., computing the two template class curves), and the remaining two years of data are used for testing. This method is referred to as CV(2), with the "2" referring to the number of years that are held out for testing. An alternative CV approach is examined by which a unique pair of years is used for template class curve estimation, and the remaining year is used for testing. This method is referred to as CV(1). Finally, using the template curves shown in Figure 2 , the classification methods were applied to all pixels in the cropland mask. The number of class-specific hectares within the cropland mask was calculated taking into account that there are ~5.5 ha per MODIS pixel. The final classified maps of agricultural intensification were obtained from maps in which the binary classification of agricultural intensity was determined using the "VOTE" method.
RESULTS
Results from the cross validation exercises, along with the results from the insample evaluation, are shown in Table 1 . As reported earlier, and as indicated by the results in the last four columns of Table 1 , expected accuracy for any of the classification methods is approximately 80%. More specifically, the observed CV(2) and CV(1) pixel mean accuracies across the four methods are 83.5% (range of [80.4, 85.5] ) and 83.6% (range of [80.4, 85.8]) , respectively. The observed in-sample mean accuracy is 84.2% (range of [80.4, 87 .0]). The "80.4%" lower bound result from HARM is invariant due to the objectivity of the HARM method and the balanced resampling used during the CV exercises. Among the 24 CV iterations (6 data splits × 4 methods), the lowest observed accuracy was 76.3%, which occurred when HARM was applied to just 03-04 data. All other observed accuracies exceeded 79%, with most (18 of 24) exceeding 82%. Using the template curves shown in Figure 2 , the four classification methods were applied to all pixels in the cropland mask across all years, with the "VOTE" used to produce a series of agricultural intensity maps with the binary classification of "soybean-corn double crop" and "not soybean-corn double crop." Based on those maps, we created change detection maps between each agricultural year in order to visualize any spatial variability in intensification between years.
Class 1 (soybean-corn double crop) areas from the different classifications are displayed in Table 2 . Looking across the five study years, results from all methods demonstrate a pattern of intensification (as it has been defined for this study, i.e., progression from "not soybean-corn double crop" to "soybean-corn double crop"). Figure 4A shows the result of the change detection analysis between the 2000-2001 and 2004-2005 agricultural years: 11847 ha (37.7% of the total cropland area) were identified as "intensified," 2249.5 ha (7.2%) were "de-intensified," and 17353 ha (55.2%) were found to have "no change" to their status one way or the other. Figure  4B shows individual change detection maps revealing the intensification/de-intensification that occurred between each crop year during 2000-2005. Upon examination of the data and the intensification maps, MODIS 250 m timeseries data appear of sufficient spatial and temporal resolution to detect land modification within the study area from one year to the next using our binary classification of "soybean-corn double crop" and "not soybean-corn double crop." A high spatial variability appears to exist in agricultural intensity from one year to the next (Fig.  4B) . In several fields, it is clear that farmers intensify production in successive years and soon after de-intensify, or vice versa. Despite the variability in intensity levels across space and time, there is a clear regional trend upward in intensification. By our estimates, soybean-corn double cropping increased from 5038 ha in the 00-01 crop year to 14636 ha in the 04-05 crop year within the area of the crop mask (VOTE method, Table 2 ).
CONCLUSION
High temporal resolution data from MODIS 250-m show promise in determining cropping frequency in mechanized agriculture in the Brazilian Amazon. Such temporal data allow researchers not only to track deforestation in near real time, something 6 (403) 20 (836) 22 (730) 34 ( 15 (720) 11 (519) 25 (858) 31 (1009) 88.3 86.8
79.8
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Overall CV(1) accuracy 52 (2478) 26 (1239) 112 (3734) 56 ( In-sample results 26 (1239) 26 (1239) 56 (1867) 56 ( Accuracies are reported as percentage of testing pixels that were correctly classified.
INPE (Instituto Nacional de Pesquisas Espaciais) researchers are already doing with their Earth Observation programs, but also to determine the dynamic character of human activity replacing those forests. The high-temporal resolution approach outlined above holds promise for determining spatial and temporal variability of various pasture and agricultural management practices. Such data, which are potentially scalable to the entire Amazon Basin, can help add a finer resolution to current efforts in a number of global and regional land-change mapping and monitoring projects. Moreover, this approach will provide more precise information on the land transition process, from land conversion (deforestation) to land modification. As an example, there is a frequently observed, multi-year progression of forestland to soybean field in the Vilhena region. In particular, single crop rice is often used as a transitory cover type following deforestation, but prior to the planting of soybeans. That newly deforested land is not converted immediately to soybeans is due to the presence of postdeforestation ground clutter that interferes with the necessary near-to-ground harvesting of soybeans. Examining our field data, we had one field site that demonstrated this progression in its most compact form: deforestation occurred during the first crop year, rice was grown during the second year, and single crop soybeans were planted in the third year. Figure 5 shows the EVI time series corresponding to this field site. It is worth noting that none of the field sites for which deforestation occurred during our study period demonstrated a soybean crop immediately following deforestation. The effort to offer 250 m resolution data with MODIS makes it especially applicable to regional integrated social science and remote sensing projects. The 250 m resolution is sufficiently fine to detect individual field sites in our study region. Moreover, as operators in Vilhena and other pioneer regions of the Amazon consolidate their mechanized production systems, we expect to find fields that are larger than those found in Vilhena, thus facilitating the ability to study changes in these new landscapes. What our study here did not test, however, is how small fields can be before they are no longer useful to develop classifications of various cropping practices using the MODIS 250 m data. Nevertheless, Vilhena's relatively small fields and our small sample size were sufficient to have achieved informative results. It is beyond the scope of the current paper to present any analyses of the data we collected from farmers on their socio-economic characteristics. It is possible, however, to link any of the socio-economic data to the geographic database of our field sites to trace the relationship of any number of human variables to changes and patterns in agricultural intensity levels. For example, we could affirm whether agricultural intensification after deforestation occurs more quickly on land that is rented or owned by farmers. Once the human variables important in explaining variation in land modification are determined, it should be possible, based on current Landsat-based landchange modeling results, to conduct spatial modeling of land change across larger areas according to various possible scenarios. We referred earlier to the Norman Borlaug hypothesis, which states that agricultural intensification leads to conservation of natural forest cover. It is a hypothesis invoked or refuted by proponents and opponents, respectively, in the current debate about the impact of soybean agriculture in the Amazon. The methods and our findings in this preliminary study open the possibility of testing relationships between intensification and forest change in a spatially and temporally explicit approach across local, regional, or Basin-wide scales. With sufficient resources for field work to validate classifications, it should be possible to amass time-series signatures for the major agricultural cropping practices across the Brazilian Amazon so that we can produce yearly empirical data on agricultural intensity levels and track deforestation patterns, in a similar vein to research presented by Morton et al. (2006) , in order to understand the relationship between the two at any scale and across any time period for which data are available. The contribution our research agenda brings to studies of agricultural intensification is that we distinguish two types of intensification. (1) Vertical intensification is the change in total agricultural production in areas where society is generally not concerned about effects of agricultural expansion: non-forest areas. Total production increases in such areas potentially relieve pressure to convert existing forests. (2) Horizontal intensification is change in total production on recently deforested land, where mechanized agriculture has directly replaced forests. The comparison of total production increases between (1) and (2) gives the most realistic view of mechanized agriculture's spatial-temporal relationship to forests.
Resolving several issues could aid in developing a Basin-wide monitoring program for mechanized agriculture and land change. One crucial issue, whether we will continue to have high-temporal-resolution data at 250 m spatial resolution in the future, may or may not be resolved with the proposed ~400 m resolution VIIRS (Visible Infrared Imager/Radiometer Suite) sensor on the National Polar-Orbiting Operational Environmental Satellite System (NPOESS), which is designed to provide some continuity to MODIS. The 380+ m resolution of NPOESS leads to an approximately 2.5-fold increase in pixel area, likely putting the data on the bad side of the agricultural landscape granularity threshold. As demonstrated by Townshend and Justice (1988) , the 250 m spatial resolution is near the coarser spatial resolution threshold at which most general land cover changes can be resolved from remotely sensed imagery. Regardless of sensor, however, we know little about how the different vegetation indices vary with particular cropping strategies. There are apparent differences between EVI and NDVI with respect to the agricultural management practices we originally studied and their associated VI profiles. Choosing the best one, or combination of profiles, to monitor agriculture will require further study. Figure 6 shows mean NDVI and mean EVI for the soybean-corn double cropped pixels. Although the EVI and NDVI profiles from the first crop soybeans are largely similar, the second crop corn VI signatures are more distinct. It would be helpful to determine whether this effect is due to the presence of particular atmospheric conditions during the corn growing season or corn plant physiological characteristics that amplify the distinction between EVI and NDVI response. Moreover, until our methods can be tested in other growing areas across the Basin, we are cautious about claiming the methods can transfer from one region to the next. For example, it remains to be seen whether a soybean-corn double crop time-series signature from Vilhena can be used to detect the same cropping practice in another region, such as in north-central Mato Grosso or in the soybean growing areas around Santarém and Paragominas, Pará. Crop timing, seed varieties, and atmospheric interference particular to regions are just some of the many potential problems we may encounter as we attempt to scale-up our analyses. In addition, areas that have considerable cerrado (tropical savanna) and pasture will require further validation to distinguish between VIs of these land covers, which are similar in appearance to one another. Certainly, larger sample sizes are needed to be able to classify particular crops and cropping practices beyond the very basic binary classification we conducted above.
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